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Abstract. A new method to determine the shape and fall
velocity of hydrometeors by using a single CCD camera is
proposed in this paper, and a prototype of a video precip-
itation sensor (VPS) is developed. The instrument consists
of an optical unit (collimated light source with multi-mode
ﬁbre cluster), an imaging unit (planar array CCD sensor),
an acquisition and control unit, and a data processing unit.
The cylindrical space between the optical unit and imaging
unitissamplingvolume(300mm×40mm×30mm).Asthe
precipitation particles fall through the sampling volume, the
CCD camera exposes twice in a single frame, which allows
the double exposure of particles images to be obtained. The
size and shape can be obtained by the images of particles;
the fall velocity can be calculated by particle displacement in
the double-exposure image and interval time; the drop size
distribution and velocity distribution, precipitation intensity,
and accumulated precipitation amount can be calculated by
time integration. The innovation of VPS is that the shape,
size, and velocity of precipitation particles can be measured
by only one planar array CCD sensor, which can address the
disadvantages of a linear scan CCD disdrometer and an im-
pactdisdrometer.Fieldmeasurementsofrainfalldemonstrate
the VPS’s capability to measure micro-physical properties of
single particles and integral parameters of precipitation.
1 Introduction
Theneedfordetailedknowledgeonprecipitationmicrostruc-
ture regarding precipitation remote sensing is in the follow-
ing ﬁelds: terrestrial and satellite radio transmission, tropo-
spheric wave propagation, and other atmospheric sciences
and applications motivate the continuing development of
various disdrometers. Joss-Waldvogel disdrometer (Joss and
Waldvogel, 1967; Liu et al., 2013), OTT Particle Size Veloc-
ity (PARSIVEL) disdrometer (Löfﬂer-Mang and Joss, 2000),
2-D Video Disdrometer (2DVD) (Kruger and Krajewski,
2002), Hydrometeor Velocity and Shape Detector (HVSD)
(Barthazy et al., 2004), and Snowﬂake Video Imager (SVI)
(Newman and Kucera, 2009) are by far the most widely ap-
plied instruments for precipitation microstructures, but each
instrument has its own advantages and limitations due to its
measurement principle.
The Joss–Waldvogel disdrometer infers the size of each
raindrop from the measured impact kinetic energy of the
raindrops based on an empirical nonlinear assumption be-
tween fall velocity and raindrop diameter (Joss and Waldvo-
gel,1967,1977),butitcannotmeasurethevelocityandshape
of raindrops. OTT PARSIVEL disdrometer can measure the
horizontal size of particles by using a decrease of light sig-
nal by extinction; the vertical size and fall velocity of parti-
cles are estimated by the empirical assumption of raindrops’
shape (Löfﬂer-Mang and Joss, 2000), but the difference be-
tween assumption and real rainfall can cause a distortion of
raindrop size and velocity distribution. And it cannot mea-
sure particle shape (Battaglia et al., 2010).
Both 2DVD (Schönhuber et al., 2007) and HVSD
(Barthazy et al., 2004) have two line-scan cameras, the verti-
cal velocity of each drop can be calculated according to its
travelling time and the distance between two light sheets.
2DVD can measure three-dimensional raindrop shape in-
formation, while HVSD can only measure two-dimensional
raindrop shape information. Since the raindrop image is ac-
quired in sequential planar sections as it falls through the
light sheet, horizontal motion of the droplet in the pres-
ence of horizontal winds resulting in a distorted image of
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Figure 1. The Framework of VPS equipment and a photograph of the prototype VPS.  3 
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Figure 1. The Framework of VPS equipment and a photograph of the prototype VPS.
the raindrop. While corrections for this exist, errors in the
drop shape measurement remain (Tokay et al., 2001; Thurai
and Bringi, 2005; Marzuki et al., 2013). SVI can measure the
shapes and size distributions of snowﬂakes by using a CCD
image sensor illuminated by a halogen ﬂood lamp (Newman
and Kucera, 2009). Rain Imaging System (RIS) used the sim-
ilar principle (Saylor et al., 2002; Jones et al., 2003; Saylor
andSivasubramanian,2007),buttheycannotmeasurethefall
velocity of snowﬂakes/raindrops.
This paper presents a new ground-based video precipita-
tion sensor (VPS) for imaging and velocimetry of hydrom-
eteors; it can measure the shape, size, orientation, and fall
velocity of naturally falling hydrometeors simultaneously by
using a planar array CCD camera with its exposure con-
trolled precisely, which represents a promising alternative to
monitor precipitation particles. From these, rain rate, rain ac-
cumulation, drop size distribution, drop velocity distribution,
and other precipitation-related variables can be estimated.
The following sections contain descriptions of the instrument
VPS, of the image processing and feature extraction algo-
rithms, of the results of calibration and ﬁeld experiments.
The last part summarizes the main features and future work
of VPS.
2 The VPS system
2.1 Main components
The VPS consists of four units: optical unit, imaging unit, ac-
quisition and control unit, and data processing unit, as shown
in Fig. 1a. The optical unit and imaging unit are integrated
into one tunnel housing, on which there are a couple of metal
splash elimination grids, to prevent raindrops splashing into
the sampling area and to minimize the wind disturbances
about the instruments, as shown in Fig. 1b.
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Figure 2. The schematic diagram of imaging.
The optical unit contains a multi-mode ﬁbre cluster, ex-
panded beam lens, and concentration lens, which provide a
parallel light beam for imaging unit; considering that small
particles illuminated by laser light will create diffraction pat-
terns, the incoherent light (λ = 460nm) from LED is used in
this system, and the multi-mode ﬁbre cluster are used to con-
centrate the light and increase the light intensity. To address
the depth of ﬁeld in the imaging system, we design a telecen-
tric afocal imaging system, as shown in Fig. 2. The chief ray
is parallel to the axis in object space and image space, and
both the EP (Entrance Pupil) and the XP (Exit Pupil) are lo-
cated inﬁnitely far from the lens, which ensure that the image
size does not change with focus position. The centred lenses
are used to generate the parallel light beam, the divergence is
less than 0.2mrad.
The imaging unit contains one charge-coupled device
(CCD) image sensor and matching driving circuit, the CCD
image sensor has 640 pixels×480 pixels in interlaced mode;
we operated it in 640 pixels×240 pixels non-interlaced
mode (50 frames per second). The single exposure time is
20µs so blurring that particle motion is insigniﬁcant, and the
time between two exposures is 2ms so that the two expo-
sures of the same particle can be recorded in one image. The
superiority of a CCD camera is that images can be obtained
almost instantaneously and thus there’s no need to correct the
particle movement.
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Figure 3. The timing sequence of exposure and images recorded by VPS.  2 
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Figure 3. The timing sequence of exposure and images recorded by VPS.
The acquisition and control unit contains a digital sig-
nal processor (DSP, C6000 series, TMS320DM642), a com-
plex programmable logic device (CPLD, MachX0 series,
LCMX0256), Ethernet driver chips (LXT971ALC), reset cir-
cuit, clock circuit, storage chips and other support integrated
circuits. The acquisition and control unit controls the opti-
cal unit and imaging unit, records and preprocesses the raw
images, encodes and transmits the raw data. The data pro-
cessing unit is a PC terminal that communicates with the ac-
quisition and control unit using a coaxial network cable via
the internet TCP/IP protocol. Software running on the termi-
nal receives the data obtained by the sensor, processes the
hydrometeors’ images, and calculates the size, velocity, and
shape of hydrometeors.
2.2 Principle of operation
The optical unit generates a cylindrical light beam that is pro-
jected onto the CCD image sensor with a special driving cir-
cuit. The light beam is so bright that the VPS is insensitive to
ambient light. Precipitation particles falling through the light
beam shadow are rendered opaque and are then recorded
by the CCD camera. The images are then compared against
a gray scale threshold (determined by calibration) to deter-
mine whether each pixel of images is lit or obscured. The
CCD camera has a resolution of 640×240, the correspond-
ing ﬁeld of view is 40mm×30mm, and hence each pixel
size of an image is 0.0625mm (horizontal)×0.125mm (ver-
tical). The CCD camera runs in 50 frames per second, a pulse
synchronous signal generator is used to generate two expo-
sures in each frame, the interval of two exposures is 2ms. the
timing sequence of exposure and images recorded by VPS
are shown in Fig. 3.
The CCD camera records the double-exposure image of
eachparticleinasingleframe,bywhichthetwo-dimensional
particle shape information can be obtained, and the size, vol-
ume, equivalent diameter, as well as oblateness of particles
can be calculated by the image processing algorithm. Each
particle is exposed twice in a single frame, its displacement
can be calculated according to the location of two exposed
images, hence the vertical velocity and horizontal velocity
component in the plane (say X−Z) of each particle can be
calculated according to its displacement and exposure inter-
val. It should be noted that the component of velocity, axis
ratio, and canting angle in the Y −Z plane cannot be mea-
sured due to the two-dimensional imaging system by one
camera, and the horizontal velocity of drops determined by
only one camera is only one vector of true horizontal velocity
in one projection. However, the raindrops are essentially ro-
tationally symmetric (Huang et al., 2008), therefore the 2-D
imaging of long-time sampling can describe the 3-D drops.
The drop size distribution and drop velocity distribution can
be obtained by the time integration, by which the intensity,
amount, and type of precipitation can be estimated.
Preliminary experiments found that there are certain
noises in the background of the image due to the optical lens
polluted by dust, dew, or frost in the natural environment,
light intensity might change due to the instability of the light
source in the long-time running, therefore a real-time adap-
tive averaging method is designed to remove the background
of the image, which has been embedded in the DSP soft-
ware. Considering that the sampling rate of VPS is 50fps,
the maximum data of original images might reach 25.7GB
per hour, which is a great challenge to the computer storage.
To minimize the data sizes, an encoding method for original
images is proposed: there are only minimum enclosing rect-
angles (MER) around the raindrop images, which are saved
and transmitted to the data processing unit. The ﬂowchart
of background removal, image detection, and encoding is
shown in Fig. 4, the details of the process are the follow-
ing: (i) original images are stored in the cache; (ii) each of
the 1024 frame images are averaged as a background of im-
age;(iii)originalimagesaresubtractedfromthebackground;
(iv) two images of the same individual particle are paired and
transmitted to the data processing terminal. If two images
have the same gray scale, area, horizontal size, and vertical
size, it can be identiﬁed as the same particle; otherwise it can
be identiﬁed that they are from the different particles, and the
embedded software does not transmit the incomplete image
pair to the data processing terminal.
www.atmos-meas-tech.net/7/2037/2014/ Atmos. Meas. Tech., 7, 2037–2046, 20142040 X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors
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Figure 4. Flowchart of background removal, image detection, and
encoding.
3 Data processing algorithm
3.1 Image processing
The CCD camera has a resolution of 640×240, the corre-
sponding ﬁeld of view is 40mm×30mm, and hence the
minimumparticle(0.1mm)has1.6pixelsinhorizontaldirec-
tion and 0.8 pixels in vertical direction theoretically. Prelim-
inary imaging experiments found that there are image diffu-
sions due to the defocusing of imaging system, which cause
the overestimation of particle size. We propose an image
restoration algorithm based on point spread function (PSF),
considering that the motion blur of particles is insigniﬁcant,
the defocusingblur is themain factor for images degradation,
in which the PSF can be deﬁned as:
h(i,j) =
(
1

(πR2)
p
i2 +j2 ≤ R
0
p
i2 +j2 > R
, (1)
where the R is the defocusing radius.
Figure 5 shows the ﬂowchart of image processing and fea-
ture extraction. The image processing begins with a median
ﬁlter algorithm (step 1), to remove the noise and obtain the
ﬁltered images; next the PSF (step 2) is applied to restore
the ﬁltered images; then the binarization algorithm (step 3)
is used to obtain the binary images; the edge detection algo-
rithm (step 4) is used to detect the edges and obtain the con-
tour of particles; at last the size detection algorithm (step 5)
is used to calculate the long axis, short axis, equivolumetric
diameter, axis ratio, orientation, and etc. As shown in Fig. 6,
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Figure 5. Flowchart of image processing and feature extraction.
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Figure 6. Minimal bounding rectangle of raindrop image and ori-
entation angle.
The long axis and short axis of each drop can be obtained ac-
cording to the minimum bounding rectangle of its image, by
which the axis ratio can be calculated, and the orientation can
be calculated. According to the operation principle of 2DVD,
the ratio between the maximum horizontal chord and maxi-
mum vertical chords has to be corrected for the orientation
angles (Thurai and Bringi, 2005; Thurai et al., 2007, 2009a,
2011), whereas the VPS can record the complete images of
raindrops by planar CCD camera, the displacement of rain-
drops during the exposure time can be ignored, therefore the
axis ratio can be obtained without correction.
We validated the image processing algorithm using spher-
ical glass balls, which have the similar refractive index with
the water drops. Figure 7 shows the results of image process-
ing (D = 2mm), it can be found that there are fuzzy edges
and noise in the original images (Fig. 7a); and the noise can
Atmos. Meas. Tech., 7, 2037–2046, 2014 www.atmos-meas-tech.net/7/2037/2014/X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors 2041
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Figure 7. Images of a glass ball for calibration (D = 2 mm).  3 
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Figure 7. Images of a glass ball for calibration (D = 2mm).
be removed by the median ﬁlter, as shown in Fig. 7b; the size
of restored images in Fig. 7c can be reduced by the restora-
tion of point spread function; the binary image and clear edge
of particles can be obtained by the binarization algorithm, as
shown in Fig. 7d and e. It can be concluded that this algo-
rithm can obtain the sharp image of particles, based on which
the VPS and analysis software can provide precise measure-
ments for the size, shape, orientation, velocity of particles.
3.2 Feature extraction
Considering the operation principle of VPS, the effective
sampling time is only 10% of the exposure time of each
frame; therefore not every particle that passes through the
sampling area can be double-imaged by camera. The prob-
ability that a certain particle with a certain size and fall ve-
locity can be fully photographed twice by the camera in the
vertical dimension and the horizontal dimension is deﬁned as
(so-called capture probability)
(
Probvertical =
H−DV−V(Deq)·Tinterval
V(Deq)·20 ms
Probhorizontal = W−DH−VH·Tinterval
VH·20 ms
, (2)
whereH istheheightofsamplingsize,DV istheverticalsize
of drops, V(Deq) is the average velocity for each particle size
bin with equivalent diameter, Tinterval is the exposure interval
in each frame, and 20ms is the exposure time of each frame.
W is the width of sampling size, DH is the horizontal size of
drops, and VH is the horizontal velocity of drops.
Figure 8a shows the capture probability of different rain-
drops with different fall velocities in the vertical dimension.
It can be found that the capture probability of a raindrop with
the diameter 1mm and fall velocity 4.3ms−1 is 20%, the
capture probability of a raindrop with the diameter 3mm and
fall velocity 8ms−1 is 5%, and when the diameter of rain-
drop is larger than 7.8mm, the capture probability is below
0%, which means that raindrops larger than 7.8mm cannot
be fully photographed twice. It can be reﬁned by shorten-
ing the exposure interval or enlarging the sampling area. Fig-
ure 8b shows the capture probability of different raindrops
with different horizontal velocity in the horizontal dimen-
sion, it can be found that the horizontal capture probability
of raindrop decreases with the increasing of the diameter and
horizontal velocity. The horizontal capture probability of a
raindrop with the diameter 10mm and horizontal velocity
10ms−1 is 3.5%. It should be noted that the limitation of
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Figure 8. Capture probability of different raindrops in the vertical
dimension and horizontal dimension (Tinterval = 2ms).
capture probability can be complemented by long-term sam-
pling.
The raindrop size distribution N(Deq) can be computed as
follows:
N(Deq) =
Num(Deq)
Asampling ·dDeq ·Probvertical ·Probhorizontal
, (3)
where N(Deq) is the number concentration of parti-
cles per volume per size (m−3 mm−1); Num(Deq) is
the sampled number of particles of each bin, which
can be obtained by counting particles and summing
volume increments during the time interval (1 min
in this system); Asampling =300mm×(40mm−DH/2)×
(30mm−DV/2), which is the equivalent sampling volume;
dDeq is the interval size of particle, which is equal to 0.2mm
for 50 bins spanning from 0.1mm to 10mm; Probvertical and
www.atmos-meas-tech.net/7/2037/2014/ Atmos. Meas. Tech., 7, 2037–2046, 20142042 X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors
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Figure 9. Relative error of diameter versus diameter (thresh-
old=3%).
Probhorizontal are the vertical and horizontal capture probabil-
ities of a raindrop with equivalent diameter Deq.
Rain rate (R) can be calculated by the integration of
drop size distribution N(Deq), velocity distribution V(Deq),
equivolumetric diameter Deq, and density ρ:
R =
π
6
∞ Z
0
N(Deq)ρD3
eqV(Deq)dDeq. (4)
4 Calibration
The VPS fundamentally takes photographs of precipitation
particles when they pass through the sampling volume; it in-
fers horizontal and vertical dimensions of particles from the
images, and the estimation of particle velocity is independent
from the particle shape, therefore the size of particles are the
only required data for calibration. The telecentric imaging
lens designed in VPS infers that the depth of ﬁeld (DOF) of
VPS is inﬁnite; therefore a single particle falling at differ-
ent distances from the centre of focus can be recorded as the
same size of images. However, the light source in VPS sys-
tem is not the ideal point light source, the defocusing blurred
images are larger than the real sizes; therefore a proper defo-
cusing radius of PSF and a binarization threshold are crucial
to the successful operation of VPS.
Preliminary test of the point light source has determined
that the defocusing radius of PSF is 5 pixels; hence the deter-
mination of gray scale threshold is a critical part of calibra-
tion. It is clear that if the binarization threshold is high, the
VPS underestimates particle sizes; whereas if the threshold is
low, the VPS overestimates the sizes. In this paper, the VPS
is calibrated by dropping small glass balls (12 sizes ranging
from1mmto5.8mmindiameter)throughthesamplingarea.
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Figure 10. Calibrated binarization threshold for different diameters.
Figure 9 shows the result of calibration images by a ﬁxed
threshold (3%); note that if we set a ﬁxed gray scale thresh-
old to the different size of particles, the sizing error of par-
ticles would increase and the error of rain rate and accumu-
lated rain amount would increase. Limited by the samples
of ideal spherical glass ball, the calibration glass ball does
not cover the size range of rain drops, therefore we create a
look up table of threshold by using the linear least square ﬁt-
ting method, which ranges from 0mm to 6mm, the results
are shown in Fig. 10. The particles with different size can
be binarized with different threshold, so that the sizing error
of VPS is suitable for precipitation measurement and routine
operation.
5 Field measurement
A VPS system was located at Nanjing, China, during
May 2013, by which several rainfall events have been ob-
served. 39218 frames of images were recorded from 23:00
to 24:00 on 8 May 2013 (UTC), in which 6317 images of
raindrops were recorded, and hence the overall capture prob-
ability is 16.1%.
Figure 11 shows the distributions for fall veloc-
ity (Fig. 11a), axis ratio (Fig. 11b), and canting an-
gle (Fig. 11c) of raindrops. Considering that the rain rate
is only 2.5mmh−1 (measured by rain gauge), this rainfall
is mainly dominated by small drops (Deq < 2mm), and the
maximum diameter is 2.3mm. The fall velocity of raindrops
increases obviously with the increasing of the diameter, and
the observed data are in good agreement with the empirical
velocity relationship proposed by Atlas (Atlas et al., 1973).
It should be noted that there are a certain number of ve-
locity outliers of raindrops measured by the VPS, in which
some large raindrops have small velocities, and some small
raindrops have large velocities beyond empirical values. The
Atmos. Meas. Tech., 7, 2037–2046, 2014 www.atmos-meas-tech.net/7/2037/2014/X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors 2043
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Figure 11. Fall velocity, axis ratio, and canting angle of raindrops observed by VPS.
possible reason is that there was a strong wind with speed
>8ms−1, wind blow, turbulence, and splashing where one
drop hits the side of VPS and a part of it passes through the
measuring area might causes the deviation of normal fall ve-
locity. And another possible explanation is that the different
particles with the same size might be identiﬁed as the same
particle by the image pair algorithm, the outliers of fall ve-
locity might occur on this occasion.
Many researchers have studied the relationships between
the axis ratio and the diameter of raindrops by theoreti-
cal analysis, laboratory measurement and ﬁeld measurement;
severalrelationshipshavebeenproposed(BeardandChuang,
1987; Chandrasekar et al., 1988; Andsager et al., 1999; Thu-
rai et al., 2009b; Marzuki et al., 2013; Thurai et al., 2007).
The observed axis ratio of large raindrops has an obvious
correlationwiththeempiricalrelationshipbyPruppacherand
Beard (Pruppacher and Beard, 1970), while the axis ratio of
small raindrops shows a much wider dispersion. Considering
that the axis ratio of small raindrops (Deq <1mm) is greater
than 0.96, the axis ratio of large raindrops is the focus of
research. We will observe more large raindrops and study the
axis ratio distribution of raindrops in a future ﬁeld experi-
ment.
The canting angle (so-called orientation) is the angle be-
tween the projection of the drop’s rotational symmetry axis
andtheprojectionofthe“true”localverticaldirection,which
has a certain inﬂuence on the polar radar measurements
(Huang et al., 2008). Figure 11c shows the canting angle dis-
tribution in one projection. Note that the mean canting an-
gle is nearly 2.1◦, with the standard deviation close to 11.5◦,
which is greater than the canting angle from the side-view of
80-m fall artiﬁcial rainfall with the 2DVD; the possible rea-
son is that there was a strong wind (stronger than 8ms−1) at
that time, causing a much wider variation.
The VPS recorded a rainfall event from 21:00, 8 May 2013
to 04:00, 9 May 2013 (UTC); the time history of rain-
drops number per minute, rain rate, raindrop size distribu-
tion, and rain accumulation are shown in Fig. 12. During
the event, the VPS recorded 157694 frames of images, in
which there were 26566 images of raindrops; the average
www.atmos-meas-tech.net/7/2037/2014/ Atmos. Meas. Tech., 7, 2037–2046, 20142044 X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors
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Figure 12. History of rainfall observations from 2100, 8, May 2013 to 0400, 9, May 2013  9 
(UTC)  10  Figure 12. History of rainfall observations from 21:00, 8 May 2013
to 04:00, 9 May 2013 (UTC).
is about 63 raindrops per minute, and overall capture prob-
ability is 16.8%. The VPS frame rate is 50 fps, so about 1
in 47 frames had a couple of double-exposure raindrops. We
conclude that the VPS yields a sufﬁcient number of particles
for hydrometeors micro-physical characteristics studies. As
shown in Fig. 12a and b, the maximum raindrops number
per minute was 1333 occurred during 00:25UTC, whereas
the rain have not the strongest rain rate, the reason is that
small raindrops are in the majority, which contribute little to
rain rate, it can be validated by the Drop Size Distribution in
Fig. 12c. Figure 12d shows that the the total rain accumula-
tion is 2.34mm, whereas the rain gauge reported a total rain
amount of 2.5mm, hence the overall error is 0.16mm.
An OTT PARSIVEL disdrometer was installed from
June 2013, based on which the rain rate, rain accumula-
tion, drop size distribution, and fall velocity are compared.
Figure 13 shows the results of a rainfall event from 14:00
to 17:00, 7 June 2013 (UTC). During the event, the VPS
recorded 69896 frames of images, in which there were
7821 images of raindrops, hence the overall capture proba-
bility is 11.2%. Figure 13a shows that the correlation coefﬁ-
cient of rain rate by VPS and OTT is 80.3%, and the standard
deviation is 1.1mmh−1, the maximum rain rate recorded by
VPS and OTT is 6.4mmh−1 and 3.3mmh−1. Figure 13b
shows that the correlation coefﬁcient of rain accumulation
by VPS and OTT is 99.1%, and the standard deviation is
0.13mm, the rain accumulation recorded by VPS and OTT
is 0.73mm and 0.74mm.
Note that the number of outliers of fall velocity might be
quite large. If the velocity of a raindrop is outside the follow-
ing range, it would be identiﬁed as an outlier and removed:
|vmeasured −va| < 0.4va, (5)
where va is the Atlas (Atlas et al., 1973) fall velocity rela-
tionship.
Figure 13c and d present the fall velocity of raindrops
measured by the VPS and OTT disdrometer. The velocity
resolution of VPS is 0.2ms−1, whereas the velocity reso-
lution of OTT decreases with the increases of size. It can
be found that the fall velocity of raindrops increases expo-
nentially with the increase of size. The comparison of VPS
and OTT shows that both the number of raindrops and veloc-
ity distribution are in good consistency, except for that there
are a few smaller raindrops with higher velocity recorded by
OTT. The possible reason is that there might be some small
raindrops splashed by large raindrops with higher velocity
passing through the sampling area, and no velocity correc-
tion applies to OTT data. Figure 13e shows that the drop size
distribution obtained by VPS is quite consistent with that ob-
tained by OTT, except for that there are a few discrepancies
for the small drops (D < 0.3mm). It should be noted that
only light rainfall events are considered in this case, the ac-
curacy of VPS in heavy rainfall remains to be examined in
the future.
6 Conclusions
An innovative ground-based optical instrument, the video
precipitation sensor (VPS), was developed to measure the de-
tailed information of free falling precipitation particles in a
natural environment, which provides a promising alternative
to monitoring precipitation particles. It is a low-cost instru-
ment and requires minimal maintenance for long-lasting run-
ning in the ﬁeld.
The VPS has one horizontal cylindrical parallel light
beam (300mm×40mm×30mm), the corresponding sam-
pling volume is 360cm3 and the horizontal sampling area is
120cm2, the double-exposure images of individual precipi-
tation particles in free fall can be recorded by a planar ar-
ray CCD camera, the size, shape, orientation are determined
from the images, the fall velocities are determined from the
Atmos. Meas. Tech., 7, 2037–2046, 2014 www.atmos-meas-tech.net/7/2037/2014/X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors 2045
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Figure 13. Rainfall observations from 1400 to 1700, 7, June 2013 (UTC).  8 
  9  Figure 13. Rainfall observations from 14:00 to 17:00, 7 June 2013 (UTC).
time interval between two exposures and displacement of
particles simultaneously; the drop size distribution, drop ve-
locity distribution, precipitation intensity, and classiﬁcation
can be estimated by time integration. VPS can detect the
hydrometeor from as small as 0.1mm up to 20mm with a
resolution of 0.1mm (size), 0.1ms−1 (velocity), 0.1mmh−1
(precipitation intensity).
From May 2013, several rainfall events were observed
by VPS at Nanjing, China. Time series and statistical dis-
tributions of the particles collected during this period are
discussed and compared with the results of an OTT PAR-
SIVEL disdrometer in this paper. The observations have
shown that the VPS can record the sharp images of raindrops
in free fall, the data processing algorithms can calculate the
size, axis ratio, fall velocity, and orientation of precipitation
particles simultaneously, based on which the precipitation
intensity, drop size distribution, velocity distribution, shape
distribution, orientation distribution can be estimated. Thus
besides the classical data products, a VPS system can pro-
duce more reﬁned data products, which are important for
www.atmos-meas-tech.net/7/2037/2014/ Atmos. Meas. Tech., 7, 2037–2046, 20142046 X. C. Liu et al.: A video precipitation sensor for imaging and velocimetry of hydrometeors
interpretingweatherradardata,investigatingregionalprecip-
itation features, and studying the physical process of precip-
itation.
It should be noted that VPS basically represents projec-
tions of the drop shapes onto only one plane, and there are
limitations on axis ratio measurements, particularly if drops
are oscillating with signiﬁcant components of the asymmet-
ric modes. Given that the raindrops take on different char-
acteristics during the falling process, some variables change
withthetime.Althoughhighspeedimagingtechniquesinthe
wind tunnel can examine the apparent characteristics of the
drop images as time series to deduce the various oscillation
modes, the oscillation of falling drops cannot be measured
based on the images of VPS. There are several issues that
require further research: (i) the performance of VPS in the
natural environment, especially in the windy weather, should
be examined thoroughly, and the inverse algorithm should be
reﬁned accordingly; (ii) more ﬁeld experiments of VPS for
snowfall and hail should be carried out; (iii) the comparisons
of VPS with rain gauges, 2DVD, and PARSIVEL disdrome-
ters can be made in the future.
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